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Abstract 
The solubility of CO2 in three cellulose-dissolving ionic liquids (1-ethyl-3-methylimid-
azolium diethylphosphate, [Emim][DEP], 1-allyl-3-methylimidazolium chloride, 
[Amim][Cl], and 1-butyl-3-methylimidazolium chloride, [Bmim][Cl]) at temperatures 
within 298 and 356 K and pressures up to 6.5 MPa was determined using a Van Ness-
type apparatus (static isochoric). It was demonstrated that this device can work in isother-
mal and isoplethal modes, being the latter faster and more precise. Moreover, it was pos-
sible to determine CO2 solubilities in metastable liquid [Bmim][Cl]. Experimental data 
were modelled using the Extended Henry’s law correlation and the Group-Contribution 
This article is protected by copyright. All rights reserved.
Equation of State (GC-EOS). New parameters for the binary interaction of CO2 with ionic 
liquid groups were calculated.  
Introduction 
Ionic liquids (ILs) are attractive as green solvents due to their interesting properties such 
as negligible vapour pressure. Particularly interesting are those applications where ILs act 
as reaction media for chemical reactions.1 Some of the reasons are that homogeneous 
catalysts can be immobilized in them and recovery of the products can be achieved with-
out contamination. Moreover, certain ILs have sometimes outstanding properties as sol-
vents being able to selectively dissolve biopolymers.2- 6 For example, some ILs based on 
acetate, dialkylphosplate and chloride can dissolve cellulose due to their ability to break 
hydrogen bonds present between molecules.3 These ILs have been investigated to carry 
out cellulose processing reactions in them.7-9 
The combination of ILs with CO2, can bring additional advantages to the potential appli-
cations of the former. The most obvious of them is using supercritical CO2 as extracting 
solvent to efficiently recover dissolved products, by-products or unreacted reactants.10 
Since solubility of IL into CO2 is negligible, no contamination from the former is pro-
duced. Other additional advantage is that dissolved CO2 in IL can improve its transport 
properties (i.e. reducing the viscosity)11,12 or decreasing the melting point,13,14 which en-
hances the liquid window. For example, Lopes et al.7 demonstrated that addition of CO2 
improves the kinetics of the acetylation of cellulose in allylmethylimidazolium chloride 
([Amim][Cl]) as well as the quality of the product.  
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Thus, knowledge of the phase behaviour of the system CO2 + ILs at high pressure is of 
crucial importance to properly develop technologies involving these substances. CO2 sol-
ubility in ILs has been experimentally determined by many authors using diverse tech-
niques which can be classified in four categories: 1) Variable-volume synthetic meth-
ods15- 18 consist on a visual cell whose pressure can be controlled by changing its volume. 
A mixture CO2 + IL of known overall composition is prepared and the phase transitions 
are visually detected in function of P and T while keeping composition constant, thus, an 
isopleth is measured for every experiment. These methods include variable-volume view 
cells and Cailletet apparatuses. 2) In the static isochoric methods19- 22 a mixture of known 
composition is prepared in a constant volume cell and the equilibration pressure of the 
biphasic system is measured at a certain temperature. Overall composition is changed by 
subsequent addition of CO2 at constant temperature; therefore, isotherms (solubility vs. 
pressure) are determined. These methods are significantly simpler than the former be-
cause no observation system is required (unless the volume of the liquid phase is deter-
mined22) and the pressure does not need to be controlled, however a way to add accurately 
known amounts of gas is needed. 3) Gravimetrical methods:23-25 solubility is measured 
in a microbalance by recording the mass gain upon CO2 pressurization. They are simple 
but usually only suitable for a limited range of pressures and temperatures. 4) Analytical 
methods:26 Although they are not very common, solubility can be determined by sampling 
and analysing the liquid phase to measure the amount of CO2 and IL. If solubility of 
mixtures of gases is studied, the vapour phase must also be sampled.21  
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However, in general, these techniques are costly and time consuming. For this reason, it 
is always desirable to improve the versatility of the experimental methods. This means 
being able to operate having as much control as possible of the variables so the experi-
mental grid is as wide as possible.  
In this work solubility of CO2 in three ILs with capacity to dissolve cellulose: 1-ethyl-3-
methylimidazolium diethylphosphate ([Emim][DEP]), 1-allyl-3-methylimidazolium 
chloride ([Amim][Cl]) and 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]) have 
been determined using a Van Ness-type apparatus (static isochoric). An attempt was done 
to improve the versatility of the experimental device by varying either temperature (iso-
plethal mode) or overall composition (isothermal mode). This way it is possible to meas-
ure solubility in a wider range of conditions changing another variable. 
Another strategy to minimize experimental effort is the use of thermodynamic models 
and/or equations of state that allow prediction of unknown properties from previously 
obtained experimental data. As experimental methods, models must also be as versatile 
as possible so they can, not only be valid for other conditions, but also for estimating 
other properties or even other systems. In this sense, the Group Contribution Equation of 
State (GC-EOS)27 has been particularly investigated for ILs because they can be classified 
in families according to its structure, which is similar between one another. The results 
were modelled using a thermodynamic model (Extended Henry’s law correlation23) and 
the GC-EOS.  
Experimental 
Equipment 
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The solubility of CO2 in ILs is determined with a built-in-home static device based in an 
original design of Van Ness and co-workers.28 A scheme of the experimental equipment 
is displayed in Figure 1. It consists of a 200 mL stainless steel (SS 316) cell sealed with 
an encapsulated PFA/FKM o-ring. The top flange of the cell has three ports: one CO2 
inlet connected to a high pressure syringe pump ISCO 260D. This pump is thermostatized 
at a temperature around 0 ºC; the second is an outlet connected to a vacuum line and to 
vent and the last port is connected to a series of pressure transducers to accurately deter-
mine the pressure of the system. These transducers operate in different ranges: a Druck 
(PDCR-910-1422) sensor for pressures up to 2 MPa (PL) and a Paroscientific 735 for 
higher pressures (TL). Relative uncertainties are u(P)/P = 2×10-4 and 10-4 respectively. 
The former transducer can be isolated from the other and the cell by a high-pressure valve. 
The cell is immersed in a Hart Scientific 6020 thermostatic bath filled with water that 
controls the temperature with a good stability (0.01K). The temperature is accurately 
measured with two thermoresistances Pt100 connected to Automated System Laborato-
ries model F250 indicator with an expanded uncertainty of 0.026 K (TA and TB). The 
contents of the cell are stirred by a magnetic flea moved by a magnetic stirrer located 
outside the cell.  
Experimental procedure 
A known amount of CO2 can be introduced to the cell by means of the ISCO pump. From 
the difference of volume measured by the translation of the piston after and before the 
filling step, and the temperature of the pump, the amount of CO2 added can be calculated 
using the density provided by the equation of state integrated in REFPROP® software29 
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The inner volume of the cell is calibrated at each temperature (313.15, 333.15 and 353.15 
K) by adding a known amount of CO2 to an empty cell. The accurately determined volume 
of the cell depended on temperature as: V / mL = 190.59 + 0.1113×T(ºC) with an uncer-
tainty of 0.39 mL. When the pressure reaches a constant value, it is considered that the 
system is equilibrated, then the equilibrium pressure is recorded. The volume of the cell 
is determined from the density obtained by REFPROP and the mass of CO2 added. The 
segment of tube between the transducer PL and its isolating valve is also determined by 
pressure difference upon filling. 
A typical experiment starts by filling the cell with a known amount (30 – 40 g) of IL 
previously dried by vacuum distillation for at least 12 hours at 60 ºC. Its mass is deter-
mined using a high precision balance (Sartorius Basic BA 310P). The cell is then hermet-
ically sealed and evacuated from all the volatile components by applying vacuum at pres-
sures down to 10-4 mbar for another 12 hours under stirring. Then, CO2 is loaded into the 
cell by means of the ISCO pump and let for several hours under stirring until the thermo-
dynamic equilibrium is reached. The pressure and temperature of the bath are recorded 
and a new point can be started. At this point there are two options: operating the device 
in isothermal or isoplethal mode. 
In the isothermal mode, the temperature is kept constant and a new load of CO2 is added. 
The time to wait is at least 12 hours but depending on the temperature or the amount 
loaded, this equilibration time could be higher. Further additions are done until a series 
of equilibration pressures are determined at a fixed temperature.  
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On the other hand, in the isoplethal mode, no further CO2 additions are done apart from 
the first one; that is, the overall composition remains constant. Instead, the temperature 
of the bath is varied. The equilibration time was found to be shorter than for the isothermal 
mode (at least 8 hours). In this case, points of the solubility binodal at different P and T 
are recorded.  
In principle, the device could be operated in both modes for a single load of IL, under two 
restrictions: a) only CO2 additions are possible (the method was not tested for CO2 sub-
tractions). b) No or little hysteresis should be observed when operating under isoplethal 
mode.  
Solubility of CO2 in IL can be calculated by an iterative procedure assuming that the 
vapour phase is composed of pure CO2.10 Total mass in the liquid phase is the sum of the 
loaded mass of IL plus the mass of CO2 dissolved, 𝑤𝑤CO2
𝐿𝐿  (unknown, initial guessing, 
𝑤𝑤CO2,0
𝐿𝐿 ). The next iteration, 𝑤𝑤CO2,1
𝐿𝐿  can be calculated as: 
𝑤𝑤CO2,1
𝐿𝐿 = 𝑤𝑤CO2 − 𝑤𝑤CO2
𝑉𝑉 = 𝑤𝑤CO2 − 𝜌𝜌CO2𝑉𝑉
𝑉𝑉 = 𝑤𝑤CO2 − 𝜌𝜌CO2(𝑉𝑉 − 𝑉𝑉
𝐿𝐿) 
= 𝑤𝑤CO2 − 𝜌𝜌CO2 �𝑉𝑉 −
𝑤𝑤𝐿𝐿
𝜌𝜌𝐿𝐿





�    (1) 
Where 𝑤𝑤CO2 and  𝑤𝑤CO2
𝑉𝑉  are the total mass of CO2 added and in the vapour phase respec-
tively. 𝑤𝑤𝐼𝐼𝐿𝐿𝐿𝐿  is the mass of IL in the liquid phase, which corresponds to the total mass of IL 
loaded. VL, VV and V are the volumes of the liquid phase, vapour phase and total respec-
tively, the latter previously determined in the calibration stage. 𝜌𝜌CO2 is the density of CO2 
(the vapour phase). 𝜌𝜌𝐿𝐿 is the density of the saturated liquid. Upon iteration, the value for 
𝑤𝑤CO2
𝐿𝐿  is determined and the molar fraction of CO2 in IL calculated.  
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Analysis of Uncertainty 
A detailed analysis of the uncertainties was done for the experimental procedure applying 
the law of propagation of uncertainties to the algorithm used to calculate the composition 
of the liquid phase (equation 1). A summary for the uncertainty of each variable is pre-
sented in table 1.  
Contributions to uncertainty in solubility measurements are considered to be the mass of 
IL and CO2 loaded, the calibration of the cell volume and the density of the liquid and 
gas phases. The uncertainty of the CO2 added in each measurement is determined from 
the uncertainties of the density of the CO2 liquid (which depends of T and P of the pump) 
and the uncertainty of the volume added. During an isotherm, as subsequent additions are 
done, the uncertainties must also be sequentially added.  
The overall uncertainty depends on the conditions of the measurement and the amount of 
CO2 additions in each case, and it is represented in Figure 2 as u(xCO2) vs. P. It increases 
with pressure reaching a maximum of 0.0076 MPs at 5.4 MPa. Figure 2a shows the evo-
lution of the overall uncertainty along an isothermal measurement whereas figure 2b 
shows it along an isopleth. The contributions of each source are also represented. Both 
figures, 2a and 2b, show that the contribution of the uncertainty in the calibration is almost 
linearly dependant on the measurement pressure, which is expectable because, at higher 
densities, the mass of CO2 in the phase gas under or overestimated is larger.  
The uncertainty in the density of the liquid phase was estimated from the standard devia-
tion from a linear regression to data from reference 19 and fixed to a value of 1%. Its 
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contribution to the overall uncertainty was also significant. This method thus requires a 
reasonably accurate estimation of the density for the saturated liquid. 
Contribution of the uncertainty of the CO2 additions upon an isothermal measurement 
increases quickly being almost the only contribution to the total uncertainty at low pres-
sures. Along the isoplethal measurement (figure 2b), however, this contribution is signif-
icantly lower and constant because only one addition is done at the beginning of the ex-
periment.  
Thus, although improvements would be convenient in the calibration procedure, isople-
thal mode is more precise than the isothermal one. Contributions of the uncertainty of the 
density of the gas phase and of the IL load are very small and practically negligible.  
Results and discussion 
In this work, densities for the system CO2 + [Emim][DEP] were obtained from reference 
20. For the system CO2 + [Amim][Cl], densities were taken from reference 11. For the 
system CO2 + [Bmim][Cl], densities were approximated to those for the pure IL.30 Den-
sities for the gas phase were calculated from REFPROP29 with the temperature and pres-
sure of the cell.  
System CO2 + [Emim][DEP]. Validation of the experimental procedure 
Four experimental sets of data for the solubility of CO2 in [Emim][DEP] were measured. 
Three isotherms at 313.15, 333.15 and 353.15 K and one isopleth at overall CO2 concen-
tration of 𝑧𝑧CO2 = 0.674 (mol/mol). The results are gathered in Table 2.  
The isopleth was measured at temperatures starting from 356.02 to 298.55 K. In order to 
evaluate the possibility of a hysteresis, i.e. if the data are equally reproducible upon 
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decreasing the temperature than upon increasing it, some points were repeated from 
298.55 to 353.27 K. Results are represented in figure 3.  
Notice that very low hysteresis is observed when increasing temperature for the system 
studied. The maximum difference was found at 353.27 K and 5.9 MPa and it was only 
1.5%, concluding that isoplethal mode is suitable for determining solubilities within this 
experimental error. Lower hysteresis has been found for systems where the solubility is 
lower.  
Figure 4 displays the solubility data for the three isotherms measured along with the iso-
pleth. The lines for the results of the theoretical modelling are also represented.  
Measured solubilities for the system CO2 + [Emim][DEP] were compared to values in 
literature in order to assess the validity of this method. A deviation plot can be found in 
figure 5. The results agree reasonably well with data by Ramdin et al.16 since in most 
cases the differences are lower than 10%. The agreement with data by Mejía et al19 at 
333.15 K is also good but not that much at 313.15 K, with a maximum deviation of almost 
35%. The differences between these sets of data may be caused by differences in purity 
of IL but the fact of using a different type of method (isochoric instead of synthetic) could 
contribute, as it has previously observed in high-pressure phase equilibria 31 
System CO2 + [Amim][Cl] 
Solubilities for CO2 in [Amim][Cl] were determined at 333.15 and 353.15 K. Results are 
gathered in Table 3 and plotted in Figure 6. Isotherm at 313.15 K was not measured be-
cause the melting point of this IL lies at higher temperature.13 Solubility of CO2 in 
[Amim][Cl] is significantly lower than in [Emim][DEP].  
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System CO2 + [Bmim][Cl]   
For the system CO2 + [Bmim][Cl] an isotherm at 333.15 and two isopleths at overall 
composition 𝑧𝑧CO2 of 0.538 and 0.674 were measured. In this case, these three curves were 
determined using the same IL load. At T = 353.15 K and from P = 0, half isotherm was 
measured by subsequent additions of CO2 until 𝑧𝑧CO2 = 0.538. Then the first isopleth was 
determined by decreasing T down to 305.95 K. Next, T was increased back to 353.15 K 
and the isotherm was completed until P = 5.072 MPa, 𝑧𝑧CO2 = 0.674. Then, the second 
isopleth was measured. Results are gathered in table 4 and plots 𝑥𝑥CO2
𝐿𝐿  against P are shown 
in Figure 7. 
As observed in figure 7, the data represented seem to follow smooth tends and describe 
well the dependence of solubility with pressure and temperature. As the device operated 
continuously during measurement of all points, and isopleths are determined faster than 
isotherms, the experimental time required to measure this system was significantly lower 
than for previous. Moreover, isopleth plots are much less scattered, which is reasonable 
taking into account that the uncertainty due to CO2 loading is avoided.  
The open points in figure 7 are experimentally determined data that should not correspond 
to thermodynamically stable states, as the temperature is much lower than the melting 
point under CO2 atmosphere determined by Lopes et al.13 However, they follow the same 
tendency as those at higher temperature, instead of a discontinuity expected upon solidi-
fication. This is because, once it has melted, the IL remains in liquid state at every tem-
perature, a fact that was confirmed visually at the end of each experiment. This had been 
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previously observed: addition of CO2 and other cosolvents to [Bmim][Cl] allowed to in-
crease the liquid window of the latter; therefore, reactions can be carried out in it,32 pre-
sumably, thanks to the formation of a metastable state.33 During an experiment in our 
laboratory [Amim][Cl] under ~3 MPa of CO2, the IL was not solidified even when it was 
cooled with liquid nitrogen. Thus, the data obtained in this work for the lowest tempera-
tures correspond to metastable equilibria.  
Theoretical modelling. 
Extended Henry’s law correlation. 
The extended Henry’s law can be applied to ILs assuming that the vapour phase consists 
only of pure CO2. It can be expressed as shown in eq. 2, as stated by Soriano et al.23  
𝑘𝑘H,CO2(𝑇𝑇,𝑃𝑃) ∙ 𝑎𝑎CO2�𝑇𝑇,𝑚𝑚CO2� = 𝑓𝑓CO2(𝑇𝑇,𝑃𝑃)      (2) 
Where 𝑘𝑘H,CO2(𝑇𝑇,𝑃𝑃) is the Henry’s constant of CO2 in IL for every pressure and temper-
ature, 𝑎𝑎CO2�𝑇𝑇,𝑚𝑚CO2� the activity of CO2 in the IL as a function of temperature and mo-
lality and 𝑓𝑓CO2(𝑇𝑇,𝑃𝑃) the fugacity of CO2 in the vapour phase.  
The extended Henry’s constant can be expressed as: 




�      (3) 
Where 𝑘𝑘H,CO2(𝑇𝑇) in the Henry’s constant at the limit of zero pressure and 𝑉𝑉�𝑚𝑚,CO2
∞  the 
partial molar volume of CO2 in IL at infinite dilution. Dependence of 𝑉𝑉�𝑚𝑚,CO2
∞  with tem-
perature can be described lineally as:  
𝑉𝑉�𝑚𝑚,CO2
∞ = 𝑐𝑐0 + 𝑐𝑐1𝑇𝑇         (4) 
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∗         (5) 
Where 𝑚𝑚CO2 and 𝑚𝑚
0 are the solubility of CO2 in IL expressed in molality and the refer-
ence concentration (1 mol kg-1) respectively. 𝛾𝛾CO2
∗ is the molality scale activity coefficient 
of CO2, which can be calculated from the virial expansion developed by Pitzer34 as: 
ln 𝛾𝛾CO2
∗ = 2 𝑚𝑚CO2
𝑚𝑚0




𝜏𝜏(0)      (6) 
Where 𝛽𝛽(0) and 𝜏𝜏(0) are parameters related to binary and ternary interactions between 
molecules of CO2 and IL. The 𝑓𝑓CO2(𝑇𝑇,𝑃𝑃) was calculated from the equation of state inte-
grated in the program REFPROP.29 The 𝑘𝑘H,CO2(𝑇𝑇) can be calculated from an extrapola-
tion of the experimental solubility data of CO2 in IL. 
 𝑘𝑘H,CO2(𝑇𝑇) = lim𝑃𝑃→0 �
𝑓𝑓CO2(𝑅𝑅,𝑃𝑃)
𝑚𝑚CO2 𝑚𝑚
0⁄ �        (7) 
By plotting 𝑓𝑓CO2 �𝑚𝑚CO2 𝑚𝑚
0⁄ �⁄  against pressure and fitting the data to a proper regression, 
the 𝑘𝑘H,CO2(𝑇𝑇) corresponds to the zero-intercept. However, this method is only valid for 
sets of data 𝑚𝑚CO2vs. P at constant temperature (isotherms). Moreover, extrapolation can 
only be done if an enough amount of accurate data is available at low pressures, since a 
small error in the determination of solubility can lead to large deviations in 
𝑓𝑓CO2 �𝑚𝑚CO2 𝑚𝑚
0⁄ �⁄  vs P.  
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To avoid this, and also to extend the method to any kind of datasets, we propose the 
following alternative empirical approach: All the solubility data P vs 𝑥𝑥CO2  were fitted to 
the following surface:  
𝑃𝑃 = (𝑎𝑎0 + 𝑎𝑎1𝑇𝑇)𝑥𝑥CO2 + (𝑏𝑏0 + 𝑏𝑏1𝑇𝑇)𝑥𝑥CO2
2       (8) 
Where a0, a1, b0, b1 are fitting parameters. This step is equivalent to the linear fitting prior 
to direct extrapolation done in literature23 at each temperature. In this case  a simultaneous 
fitting  to the three isotherms (and potentially any experimental dataset not necessarily an 
isotherm) is done instead. After fitting equation 8, it can be used to calculate 𝑥𝑥CO2 and 
𝑚𝑚CO2 at P = 0 for every temperature, and then estimate 𝑘𝑘H,CO2(𝑇𝑇) using equation 7.  
As stated above, this proposed procedure overcomes the difficulty of having a dispersion 
in 𝑓𝑓CO2 �𝑚𝑚CO2 𝑚𝑚
0⁄ �⁄  vs. P plot at low pressures, as it can be appreciated in Figure 8: 
𝑓𝑓CO2 �𝑚𝑚CO2 𝑚𝑚
0⁄ �⁄  calculated using the experimental solubility (symbols) has a dispersion 
that makes impossible any accurate extrapolation. However, using the empirical equation 
8 (lines), a zero intercept can be estimated more accurately, and what is more, one can 
assure an increasing dependence of 𝑘𝑘H,CO2(𝑇𝑇) with temperature. Notice that this proce-
dure is not restricted to isotherms but it can also be applied to isopleths and even to da-
tasets with not specific sequence.  
Once 𝑘𝑘H,CO2(𝑇𝑇) is determined, the model can be fitted by an iterative algorithm minimiz-
ing the average absolute relative deviation (AARD) between the calculated and experi-
mental solubility. In the present work, only the parameters c0, c1 and 𝛽𝛽(0) were necessary 
to describe the experimental data. All the fitting parameters of this model for the three 
systems studied in this work are gathered in Table 5.  
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For the system CO2 + [Emim][DEP] isothermal datasets (313.15, 333.15, and 353.15 K) 
were used for the regression. In order to test the prediction capacity of the model, the 
isopleth dataset was predicted with the parameters obtained. Results are shown in figure 
4. The agreement between the experimental and calculated solubilities is excellent for the 
fitted curves and reasonably good for the predicted ones. For the system CO2 + 
[Amim][Cl], the two isotherms experimentally determined were fitted. The resulting cor-
relation is excellent, as shown in figure 6.  
For the system [Bmim][Cl], however, the data corresponding to the two isopleths was 
used to fit the model, and the isotherm at 353.15 K was predicted instead. Only the points 
corresponding to thermodynamic stable phase equilibrium states were considered in the 
fitting. Results are displayed in figure 7. The model has an excellent prediction capacity 
for the isotherm and for the metastable equilibrium states at temperatures close to those 
considered in the fitting (down to 333.15 K). At the lowest temperatures the agreement 
in not that good. 
Figure 9 presents 𝑘𝑘H,CO2 plotted against 1/T obtained for the three systems studied in this 
work. The Henry’s constant of each IL decreases with temperature as expected and depict 
values that are typical of other ILs. For low temperatures the dependency of ln 𝑘𝑘H,CO2(𝑇𝑇) 
vs. 1/T of the systems with chloride based ILs gets stronger than that observed in other 
reports,23 which may be a consequence of the less ability of the model to predict extrap-
olated values.  
The Group Contribution Equation of State  
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The GC-EOS, originally developed by Skjold-Jørgensen,27,35 is based on the Van der 
Waals partition function combined with the local composition principle. It can be ex-
pressed as the sum of two contributions to the residual Helmholtz free energy (A)res: a 













       (9) 








� (𝑌𝑌 − 1) + �𝜆𝜆2
3
𝜆𝜆32
� (−𝑌𝑌 + 𝑌𝑌2 − ln𝑌𝑌) + 𝑛𝑛 ln𝑌𝑌   (10) 
Where 
𝜆𝜆𝑘𝑘 = ∑ 𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖𝑘𝑘𝑁𝑁𝑁𝑁𝑖𝑖          (11) 




         (12) 
being ni the number of moles of component i, V the total volume, NC the total number of 
components in the mixture, and di the hard-sphere diameter per mole. di is a function of 
temperature: 
𝑑𝑑𝑖𝑖 = 1.065655𝑑𝑑c,𝑖𝑖 �1 − 0.12 exp �−
2𝑅𝑅c,𝑖𝑖
3𝑅𝑅
� �     (13) 
Where Tc,i is the critical temperature and dc.i is the critical hard-sphere diameter which is 
normally calculated from the critical parameters Tc,i and Pc,i or vapour pressures. How-
ever, none of these data are available for the ILs. In this work, Tc was estimated using the 
method of Valderrama37 and the dc,i of phosphate-based ILs were calculated from the 
correlation developed by Espinosa et al.38 for high molecular weight compounds adapted 
to ILs.39,40  
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log�𝑑𝑑c,𝑖𝑖� = 0.4152 + 0.4128 log�𝑟𝑟vdW,𝑖𝑖�      (14) 
Where rvdW is the Van der Waals molecular volume of the compound, estimated by a 
simple linear relation with respect to the molar volume of the IL at 298 K (v298).41  
𝑟𝑟vdW = 0.039 ∙ 𝑣𝑣298(cm3mol−1)       (15) 
On the other hand, the dc of chloride-based ILs were taken from a previous work.13 
The attractive contribution of the residual Helmholtz free energy (Aatt) is a group contri-

















𝑖𝑖=1      (16) 
𝜏𝜏𝑘𝑘𝑗𝑗 = exp �
 𝛼𝛼𝑘𝑘𝑘𝑘Δ𝑔𝑔𝑘𝑘𝑘𝑘𝑞𝑞�
𝑅𝑅𝑅𝑅𝑉𝑉
�         (17) 
Δ𝑔𝑔𝑘𝑘𝑗𝑗 = 𝑔𝑔𝑘𝑘𝑗𝑗 − 𝑔𝑔𝑗𝑗𝑗𝑗         (18) 
Where, z is the coordination number set equal to 10; NG is the number of groups, 𝜈𝜈𝑗𝑗𝑖𝑖 is 
the number of groups j in component i; qj is the number of surface segments assigned to 
group j; θk is the surface fraction of group k; q is the total number of surface segments; gij 
is the attractive energy parameter for interactions between segments j and i; and αij is the 
corresponding non-randomness parameter.  
The interactions between unlike segments are defined by equation 19: 
𝑔𝑔𝑗𝑗𝑖𝑖 = 𝑘𝑘𝑖𝑖𝑗𝑗�𝑔𝑔𝑖𝑖𝑖𝑖𝑔𝑔𝑗𝑗𝑗𝑗         (19) 
Where kij = kji is a symmetrical binary interaction parameter. Both, the attractive energy, 
gii and the binary interaction parameter, kij, depend on temperature as: 
𝑔𝑔𝑖𝑖𝑖𝑖 = 𝑔𝑔𝑖𝑖𝑖𝑖∗ �1 + 𝑔𝑔𝑖𝑖𝑖𝑖′ �
𝑅𝑅
𝑅𝑅𝑖𝑖
∗ − 1� + 𝑔𝑔𝑖𝑖𝑖𝑖′′ ln �
𝑅𝑅
𝑅𝑅𝑖𝑖
∗��      (20) 




∗��       (21) 
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Where 𝑔𝑔𝑖𝑖𝑖𝑖∗  and 𝑘𝑘𝑖𝑖𝑗𝑗∗  are the attractive energy and binary interaction parameters at the arbi-
trary, but fixed, reference temperature 𝑇𝑇𝑖𝑖∗ and (𝑇𝑇𝑖𝑖∗ + 𝑇𝑇𝑗𝑗∗)/2, respectively. 
To apply the GC-EOS it is necessary to divide the IL molecule into functional groups. 
Breure et al.39 showed that the anion and part of the cation, except for its alkyl chain, 
should be kept together in a single electroneutral group. Therefore, by adding the CH2, 
CH3 or other functional groups to the side alkyl chain, any IL of the same family can be 
assembled.  
Modelling of the Phosphate-based ILs. 
In a previous publication, de Pablo et al. 43 correlated some GC-EOS parameters using 
infinite dilution activity coefficients of hydrocarbon in imidazolium and phosphate based 
IL. Pure parameters for the groups -mimDEP and -mimDMP and the corresponding bi-
nary interaction parameters with typical hydrocarbon groups were determined. In this 
work, that study is extended to CO2 solubility data by correlating binary interaction pa-
rameters between groups -mimDEP or -mimDMP and CO2. Thus the GC-EOS is applied 
to correlate and predict data for CO2 solubility in 1-ethyl-3-methylimidazolium dieth-
ylphosphate, [Emim][DEP]; 1-ethyl-3-methylimidazolium dimethylphosphate, 
[Emim][DMP] and 1,3-dimethylimidazolium dimethylphosphate, [Dmim][DMP]) from 
this work and from the literature. The characteristic groups for Phosphate-based ILs,e -
mimDMP and -mimDEP, are shown in Figure 10. Table 6 gathers the parameters for the 
IL studied in this work. 
Table 7 summarizes the experimental database used. Solubility data for the system CO2 
+ [Emim][DEP] from Ramdin et al.15 and those obtained in this work along with another 
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dataset for the system CO2 + [Dmim][DMP] determined by Palgunadi et al.20 were used 
for correlation. Data for CO2 solubility in [Emim][DEP] at lower pressure20 was chosen 
for ensuring its prediction ability. The data from Mejía et al.19 were not included due to 
the high uncertainty of the experimental data; the authors conclude that not including 
them would improve the overall quality of the correlation. 
Table 8 gathers the pure group energy parameters: 𝑔𝑔𝑖𝑖𝑖𝑖∗ ,𝑔𝑔𝑖𝑖𝑖𝑖′ ,𝑔𝑔𝑖𝑖𝑖𝑖′′, the surface area qi, and the 
reference temperature Ti* obtained from the literature. Binary interaction parameters are 
displayed in Table 9. They were obtained from literature except those between the groups 
-mimDMP and CO2 and -mimDEP-that were calculated from the correlation with the ex-
perimental datasets in Table 7.  
As seen in Table 7 and figure 4 the GC-EOS model can describe very well the experi-
mental data measured in this work. Accuracy at 313.15 K, however, was a bit lower than 
at higher temperatures. The model is even able to describe the isopleth at nearly every 
temperature much better than the Extended Henry’s Law model. The model also suc-
ceeded at correlating the literature data. For the system CO2 + [Dmim][DMP] the agree-
ment is excellent. Calculation of solubility data at low pressures for the system CO2 + 
[Emim][DEP] resulted in values with a medium accuracy (relative deviation of 21%) re-
spect the experimental data. Providing it is a prediction and the GC-EOS has a limitation 
at low CO2 concentration, the results are acceptable.  
Modelling of the chloride-based ILs 
GC-EOS is used also for the correlation of CO2 equilibrium of methyl imidazolium chlo-
ride based ILs, as [Bmim][Cl] and [Amim][Cl]. Lopes et al.13 correlated data from Jang 
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et al.44 for the system CO2 + [Bmim][Cl] to obtain the interaction parameters. between 
groups -mimCl and CO2. Nonetheless, the experimental data reported by Jang et al. devi-
ates largely with respect the values obtained in this work and reported in Section 3.3. This 
discrepancy is illustrated in Figure 11 for the system CO2 + [Bmim][Cl] at 353.15 K, 
where it is clear that the data reported by Jang et al. depicts a much larger solubility of 
CO2 in [Bmim][Cl] that the one presented here. Since the discrepancy between these da-
tasets is significant, we have recalculated such parameters using the experimental data 
obtained in this work. As in the previous case, the modelling starts by the definition of 
the groups. Following Lopes et al. 13  recommendation the ILs [Bmim][Cl] and 
[Amim][Cl] were fractionated as shown in Figure 12. Table 10 gathers the parameters for 
the chloride-based ILs studied in this work. Moreover, Table 11 summarizes the database 
used for the correlation.  
Table 8 presents the pure group parameters: 𝑔𝑔𝑖𝑖𝑖𝑖∗ ,𝑔𝑔𝑖𝑖𝑖𝑖′ ,𝑔𝑔𝑖𝑖𝑖𝑖′′, the surface area qi, and the refer-
ence temperature Ti* used is this work, and Table 9 lists the binary interaction parameters 
obtained from literature and the ones correlated in this work. It is worth noticing that the 
only parameters that have been refitted are the interaction parameters between CO2 and -
mimCl groups.  
Figure 7 shows an excellent correlation for the data of CO2 solubility in [Bmim][Cl] with 
an ARD of only 3.5 %. The model is able to describe both the isotherm and the two 
isopleths for all the temperature range. The model, however, fails to predict with the same 
accuracy the data for the system CO2 + [Amim][Cl], achieving an ARD of 15% and 31% 
for the 333.15 and 353 K isotherms. As seen in Fig. 6, the predicted isotherms fall in the 
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middle of the experimental data; therefore, an improvement of one isotherm could affect 
the other. Furthermore, although the GC-EOS predicts this system with a lower quality 
than the Extended Henry’s Law model, it should be taken into account that the results of 
the GC-EOS for CO2 + [Amim][Cl] are completely predicted by group-contribution, since 
no information of this system was used in the parameterization. Consequently, the results 
obtained with the GC-EOS are still satisfactory.  
Conclusions 
CO2 solubility in [Emim][DEP], [Amim][Cl] and [Bmim][Cl] at temperatures between 
298 and 356 K and pressures up to 6.5 MPa were determined using a static isochoric 
method. The versatility of the device can be improved by considering that it can be oper-
ated in either isothermal or isoplethal mode. A detailed analysis of uncertainties revealed 
that the larger contributions to the overall uncertainty were the calibration of the cell vol-
ume, the density of the liquid phase, and the addition of CO2. The latter, however, was 
much lower during an isopleth measurement. A two-parameter extended Henry’s law cor-
relation was used to represent the experimental data with excellent results, but a previous 
empirical fitting step had to be introduced to minimize uncertainties of the Henry’s con-
stant at the limit of zero pressure. The data were also correlated with the Group Contri-
bution Equation of State with satisfactory results. New binary parameters between CO2 
and -mimDEP, -mimDMP and –mimCl were correlated. Excellent results were obtained 
for all CO2 + IL systems, except for that with [Amim][Cl], which is rather qualitative.  
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Figure 1. Experimental equipment used for the determination of CO2 solubilities in IL PL and PH are the 
transducers for low and high pressure range. TA and TB are two duplicated measurements of the 
temperature of the bath.  
 
 
Figure 2. Contributions of each variable to the total uncertainty for the solubility measurements. 
Calculated for the system CO2 + [Emim][DEP] along a) an isotherm at T = 333.15 K. b) an isopleth at 
𝑥𝑥CO2  = 0.751. Contribution of (): CO2 addition, (): calibration, (): density of the 
liquid phase, (): density of the gas phase, (): IL addition. (): Total uncertainty.  
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Figure 3. Hysteresis evaluation for the measurement of CO2 solubility in [Emim][DEP] along an isotherm 
at the overall concentration of 𝑧𝑧CO2  = 0.674 upon increasing and decreasing temperature.  
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Figure 4. Experimental solubilities for the system CO2 + [Emim][DEP] at (): 313.15 K, (): 333.15, 
(): 353.15 K. (): Isopleth measured at 𝑧𝑧CO2  = 0.751. The open symbols are those belonging to the 
isopleth determined at 313.15, 333.15 and 353.5 K, which are in agreement to the isotherms. Calculated 
solubilities with (grey lines): Extended Henry’s law correlation; (black lines): GC-EOS. In both cases, 
dotted lines are correlations and solid lines are predictions. 
 
 Figure 5. Experimental deviations for the solubility of CO2 in [Emim][DEP] between data obtained in 
this work and in literature: (): 313.15 K, (): 333.15, ():353.15 K. Closed symbols are data by 
Ramdin et al.16 and open symbols are for data by Mejía et al.19 
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Figure 6. Experimental solubilities for the system CO2 + [Amim][Cl] at (): 333.15, (): 353.15 K. 
Calculated solubilities with (grey lines): Extended Henry’s law correlation; (black lines): GC-EOS. In 
both cases, dotted lines are correlations and solid lines are predictions. 
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Figure 7. Experimental solubilities for the system CO2 + [Bmim][Cl]. (): Isotherm at 353.15 K. (): 
Isopleth at 𝑧𝑧CO2  = 0.538. (): Isopleth at 𝑧𝑧CO2  = 0.674. The open symbols correspond to data 
experimentally determined at a metastable equilibrium. Calculated solubilities with (grey lines): 
Extended Henry’s law correlation; (black lines): GC-EOS. In both cases, dotted lines are correlations and 
solid lines are predictions. 
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Figure 8. Plot of 𝑓𝑓CO2 �𝑚𝑚CO2 𝑚𝑚
0⁄ �⁄  vs. P for the system CO2 + [Emim][DEP] at (): 313.15 K, (): 
333.15, (): 353.15 K. Lines are the corresponding values calculated from fitting equation 8 to 
experimental data. 
 
Figure 9. Henry’s constant of CO2 at zero pressure in the studied ILs versus 1/T. (): [Emim][DEP]. 
(–·–·–): [Amim][Cl]. (------): [Bmim][Cl] 
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Figure 10. Group definition for a) -mimDMP and b) –mimDEP. 
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Figure 11. Comparison between experimental data from Jang et al.44 () and data measured in this work 
(), both sets of data corresponding to the binary system [Bmim][Cl] + CO2 at 353.15 K 
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Table 1. Contributions to uncertainty for the measurement of CO2 solubility in IL.  
Source of uncertainty Value 
• IL Loading u(wIL) = 0.005 g 
• Addition of CO2 
Pump temperature.  
Pump pressure  
Density of CO2 added 
Volume added 
u(w) = 0.0095 g (each addition) 
u(Tpump) = 0.1 K 
u(Ppump) = 0.005 MPa 
u(ρadd) = 0.63 kg m-3 
u(Vadd) = 0.01 mL 
• Calibration of the cell volume u(V) = 0.39 mL 
• Density of the liquid phase u(ρL) / ρL = 0.01 
• Density of the gas phase (CO2) 
 
Cell temperature  
Cell pressure 
u(ρCO2) / ρ CO2  = 0.001 – 0.006 (within 
an interval of 0.17 – 5.4 MPa) 
u(T) = 0.02 K 
u(P) / P = 10-4 
 
Table 2. Experimental solubilities for the system CO2 + [Emim][DEP]. 




𝐿𝐿  P / 
MPa 
𝑥𝑥CO2




0.2142 0.015 1.9282 0.178 3.8821 0.317 
0.6536 0.059 2.5155 0.218 4.9806 0.383 
1.0818 0.107 3.1491 0.269 6.0922 0.443 
1.5429 0.145     













0.2547 0.030 1.9563 0.137 4.8433 0.308 
This article is protected by copyright. All rights reserved.
0.5010 0.045 2.5602 0.181 5.4380 0.333 
1.0138 0.087 3.5424 0.242 5.9967 0.351 
1.5412 0.118 3.9828 0.271   













0.5431 0.041 2.5250 0.131 4.9855 0.238 
0.9286 0.057 2.9900 0.154 5.9560 0.276 
1.5454 0.087 3.9475 0.196 6.5200 0.302 
2.0059 0.110     
Isopleth, 𝑧𝑧CO2  = 0.751 









356.02 6.0195 0.276 328.23 5.1268 0.345 
353.18 5.9251 0.284 318.22 4.7902 0.373 
348.17 5.7720 0.294 313.16 4.6155 0.388 
338.18 5.4564 0.318 305.65 4.3393 0.413 
333.15 5.2927 0.331 298.55 4.0752 0.436 
u(P)/P = 2×10-4 and 10-4 for P < 2 MPa and P > 2 MPa respectively. 
Table 3. Experimental solubilities for the system CO2 + [Amim][Cl]. 
Isotherm, T = 333.15 K 
P / MPa 𝑥𝑥CO2
𝐿𝐿  P / MPa 𝑥𝑥CO2
𝐿𝐿  P / MPa 𝑥𝑥CO2
𝐿𝐿  
0.5300 0.017 2.5502 0.058 4.7321 0.090 
1.0300 0.029 3.2692 0.071 5.0304 0.097 
1.5610 0.039 3.9935 0.081 5.5081 0.101 
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2.0358 0.046 4.0612 0.082   
Isotherm, T = 353.15 K 
P / MPa 𝑥𝑥CO2
𝐿𝐿  P / MPa 𝑥𝑥CO2
𝐿𝐿  P / MPa 𝑥𝑥CO2
𝐿𝐿  
0.5931 0.008 2.0896 0.023 3.9879 0.036 
1.0606 0.012 3.0141 0.028 5.0106 0.037 
1.5260 0.019     
u(P)/P = 2×10-4 and 10-4 for P < 2 MPa and P > 2 MPa respectively. 
Table 4. Experimental solubilities for the system CO2 + [Bmim][Cl]. 
Isotherm, T = 353.15 K 
P / MPa 𝑥𝑥CO2
𝐿𝐿  P / MPa 𝑥𝑥CO2
𝐿𝐿  P / MPa 𝑥𝑥CO2
𝐿𝐿  
0.5176 0.0153 2.3035 0.0571 4.3832 0.0999 
1.0850 0.0246 3.0387 0.0710 5.0717 0.1072 
1.7680 0.0463 3.7615 0.0878   
Isopleth, 𝑧𝑧CO2  = 0.538 
T / K P / MPa 𝑥𝑥CO2
𝐿𝐿  T / K P / MPa 𝑥𝑥CO2
𝐿𝐿  
353.15 3.0364 0.072 328.11 2.7018 0.110 
348.10 2.9727 0.078 323.14 2.6350 0.117 
343.12 2.9072 0.085 313.15 2.4887 0.137 
338.12 2.8403 0.093 305.95 2.3852 0.151 
333.14 2.7719 0.101 299.97 2.3123 0.158 
Isopleth, 𝑧𝑧CO2  = 0.674 
T / K P / MPa 𝑥𝑥CO2
𝐿𝐿  T / K P / MPa 𝑥𝑥CO2
𝐿𝐿  
348.11 4.9516 0.118 323.15 4.3288 0.180 
343.12 4.8310 0.129 315.97 4.1445 0.199 
338.14 4.7063 0.142 309.97 3.9852 0.218 
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333.15 4.5812 0.154 300.49 3.7273 0.248 
328.14 4.4573 0.166    
u(P)/P = 2×10-4 and 10-4 for P < 2 MPa and P > 2 MPa respectively. 
Table 5. Fitted parameters and AARD for the correlation of the experimental solubility of CO2 in the ILs 
studied in this work with equation 8 and the extended Henry’s law. 
 CO2 + [Emim][DEP] CO2 + [Amim][Cl] CO2 + [Bmim][Cl] 
Polynomial Surface (equation 8) 
a0 /MPa -44.05 -480.9 -191.1 
b0 /MPa  -4.118 -18936 -861.6 
a1 / MPa K-1 0.1691 1.529 0.6358 
b1 / MPa K-1 0.0481 57.62 2.760 
AARD% 8.0 4.0 2.5 
Extended Henry’s law correlation 
c0 / m3 mol-1 -2474.3 -6414.0 -2981.8 
c1 / m3 mol-1 K-1 6.1746 18.3360 7.8524 
β(0) 0.3085 0.9757 0.5107 
AARD% (fit) 6.2 3.2 4.0 
AARD% (prediction) 8.1 - 21.2a 
4.4b 
a for the points in metastable equilibrium 
b for the isotherm 
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Table 6. Molar volumes at 298 K, van der Waals volume, and critical diameter for the imidazolium 








/ cm∙mol -1/3 
Tc /K 
[Emim][DEP] 230.57 45 8.992 6.4432 789.0 
EmimDMP 194.10 46 7.570 6.0000 748.6 
[Dmim][DMP] 176.57 47 6.886 5.7671 869.4 
 
Table 7. Database of solubility of CO2 in the different phosphate-based ionic liquids used in this work 
Compound 










[Emim][DEP]* 313.15–353.15 0.075–6.0 ±2% 45 7.2  
This 
work 
[Emim][DEP]* 302.69–362.13 0.534–10.948 8%–11% 35 6.4 15 
[Emim][DEP] 313.15–333.15 0.023–0.193 0.7%–4% 22 21 20 
[Dmim][DMP]* 313.15–333.15 0.048–0.170 0.7%–2% 12 2.6 20 
* Data used for the correlation 
 
Table 8. GC-EOS pure group parameters. Ti* is the reference temperature, qi is the surface area of i and 
g*, g', and g'' are the pure group energy parameters and their temperature dependence. 
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Group T* / K q g* / atm∙cm6∙mol-2 g' g'' Source 
-mimDMP 600 4.8513 1154081 -0.2941 0 43 
-mimDEP 600 6.0116 1170489 -0.1153 0 43 
-mimCl 600 2.855 1844397 -0.1552 0 13 
CH3 600 0.848 316910 -0.9274 0 48 
CH2 600 0.540 356080 -0.8755 0 48 
CH2=CH 600 1.176 337980 -0.6764 0 48 
CO2 308.2 1.261 531890 -0.578 0 48 
 
Table 9. GC-EOS binary interaction parameters obtained from literature and correlated in this work.  
Group i Group j 𝑘𝑘𝑖𝑖𝑗𝑗∗  𝑘𝑘𝑖𝑖𝑗𝑗′  𝛼𝛼𝑖𝑖𝑗𝑗 𝛼𝛼𝑗𝑗𝑖𝑖 Source 
-mimDMP CH3 1.0169 -0.0477 -1.868 -3.1969 43 
 CH2 1.0169 -0.0477 -2.3677 -1.1145 43 
 CO2 1.1044 0 -5.0422 -1.6967 This work 
       
-mimDEP CH3 0.999 -0.0084 8.7504 -1.8958 43 
 CH2 0.999 -0.0084 1.3137 -1.0597 43 
 CO2 1.1159 0 -9.1299 4.2409 This work 
       
-mimCl CH3 0.8215 0 -0.7577 -0.2539 13 
 CH2 1.0271 0.0630 -0.7577 -0.2539 13 
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 CH2=CH 0.7850 0 0 0 13 
 CO2 0.8534 -0.1733 0 0 This work 
       
CH3 CH2 1 0 0 0 48 
 CO2 0.892 0 3.3690 3.3690 48 
 CH2=CH- 1 0 0 0 48 
       
CH2 CO2 0.814 0 3.3690 3.3690 48 
 CH2=CH- 1 0 0 0 48 
       
CH2=CH- CO2 0.9480 0 0 0 48 
 
Table 10. Van der Waals volume, critical diameter, and critical temperature for the imidazolium chloride-
based ILs studied in this work. 
Ionic Liquid Source rvdW / cm3∙mol-1 dc / cm∙mol-1/3 Tc /K 
[Bmim][Cl] 13 6.7513 5.7223 789.0 
[Amim][Cl] 13 5.8470 5.3925 770.7 
 
 
Table 11. Database of solubility of CO2 in imidazolium chloride-based ionic liquids.  
Compound T /K P /MPa Data uncertainty No exp. Source 




[Bmim][Cl]* 299.97–353.15 .5–4.8 ±2% 27 3.5  This work 
[Amim][Cl] 333.15–353.15 .5–5.4 ±2% 18 21 This work 
* Data used for the correlation, except one isopleth used for the prediction. 
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